We demonstrate numerically, using a modified total-field/scattered-field formalism, that metallic lenses, based on arrays of nanoscale slits with varying widths in a planar metallic film, can be used to focus light and compensate for various angles of incidence. These structures could be used as integrated microlenses to improve the efficiency of pixels in solid-state image sensors. Our design guidelines simultaneously accomplish a prism and focusing action. Our results also indicate the importance of the aperture effect for such far-field focusing devices. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3211875͔
The use of metal provides the advantage of much higher index contrast over dielectric structures, resulting in a stronger focusing capability for lenses as well as a convenient planar geometry.
In this letter, we numerically demonstrate the use of nanopatterned films as lenses that compensate for various angles of incidence. Our work is motivated in part by the need to enhance the efficiency of off-axis pixels in solid-state image sensors. In complementary metal-oxidesemiconductor image sensors, microlenses are widely used to focus light incident on pixels onto their photodetector. Such lenses are usually fabricated using a combination of lithography and reflow techniques, 9 which typically results in a periodic array of identical lens structures. The problem with identical lens structures is illustrated in Fig. 1͑a͒ . For off-axis pixels, since light is coming in at an angle, the focal point is shifted away from immediately underneath the lens, resulting in reduced efficiency and increased crosstalk. The standard solution involves shifting the identical microlenses inwards. 10 There has been recent work aiming to address this issue using subwavelength dielectric features in several layers. 11 Here we show that a planar plasmonic structure can transform the incident wave front and achieve far-field focusing in the vertical dimension ͑propagation direction͒ without horizontal displacement of the focal spot ͓Fig. 1͑b͔͒. Figure 2͑a͒ shows a metallic structure, designed to compensate for a 20°angle. It consists of a gold film ͑450 nm thick͒ on top of an oxide. Within the film are slits ranging from 10 to 100 nm in width. The lens is less than 1.75 m wide and designed to focus at a distance of 4 m centered underneath the structure on a semiconductor photodetector that is 1.2 m wide. ͑These parameters are chosen based on volume-produced, state-of-the-art solid-state image sensors at the time of submission.͒ All calculations and simulations are performed at a wavelength of 632.8 nm. The permittivities of gold and oxide at this wavelength are m = −10.77 + 0.79i and ox = 2.13.
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In order to realize simultaneous angle compensation and focusing, the basic idea is to carefully tailor the phase front with the device. This is achieved by controlling the width and the positions of the slits. A deep subwavelength slit always supports propagating transverse magnetic modes, 13 with the phase index of the mode increasing as the slit width decreases. Moreover, in our structure the nearby slits are in sufficiently close proximity to each other such that they couple. In the case of two slits coupled to each other, the symmetric mode that has the same phase in the two slits has a lower phase index when the spacing becomes smaller. Both of these effects can be used to tune the local phase front. Analytically, to take into account the effect of both individual slit as well as their coupling, we calculate the local phase front below each individual slit by considering a periodic metallic waveguide array made of such slits. For the symmetric mode in such an array, the dispersion relation is symmetric mode dispersion relation is reasonable only when the angle of incidence is small ͑and, consequently, the phase does not differ much between neighboring deepsubwavelength slits͒. Nevertheless, our simulations indicate that this assumption works well for all the angles we considered here. Our simulations also indicate that this approach gives better prediction of the focusing behavior, when compared to the dispersion relation of an isolated slit that was used in previous work. 5, 6, 8 For an oblique angle of incidence , the phase of the incident plane wave is known exactly and can be compensated for, in order to achieve focusing directly beneath the plasmonic nanoslit lens structure. The required phase delay, as a function of position x ͑with x = 0 at the center of the lens͒ is ͓blue line in Fig. 2͑b͔͒ ͑x͒ = 2x sin͑͒
with as the wavelength, n ox the refractive index of the oxide beneath the metal layer and m an integer. f is the focal distance, i.e., the distance at which all field components, originating from different parts of the lens, are in phase. This analytical phase delay can be mimicked by an array of slits with well-chosen widths ͓the red dots in Fig. 2͑b͔͒ . A closer look at Eq. ͑2͒ shows that the first term describes the prism action of the structure ͑tilting of the wave front͒, the second and third term introduce focusing ͑curvature of the wave front͒. The last term allows for the introduction of one or more 2 phase jumps in the phase front. We validate the design with exact two-dimensional electromagnetic calculations based on a finite-difference frequency-domain ͑FDFD͒ method. 15 This method allows us to model materials using the measured, tabulated permittivity for every wavelength, thus directly taking into account both exact material dispersion as well as loss. The stated problem, however, requires the use of plane wave sources with varying angles of incidence, which cannot be realized with a finite line source. 16 We therefore implemented a modified version of the total-field/scattered-field method 16 for FDFD. In this method, the analytical field distribution that results from a plane wave interacting with a metal slab is used to generate the source term for the simulation of a metal slab with nanoscale slits, in contrast to the more generally used free-propagating plane wave. This way we can rigorously simulate, using a finite computational cell, the response of an isolated lens to an incident plane wave at an oblique angle of incidence. In all our simulations, we set the grid size to 2 nm in the transverse x direction and 10 nm in the longitudinal z direction.
The resulting magnetic field distribution ͑the real part of H y ͒ is shown in Fig. 2͑c͒ . Above the structure, the phase fronts make a 20°angle with the structure. Light couples to the slits, and as it propagates through the structure, the phase fronts experience the combination of tilt and curvature. As the light exits the structure, its phase front shows the curvature expected from a convex lens. The magnetic field intensity ͓Fig. 2͑d͔͒ confirms the focusing action of the lens. The focal length in FDFD is shorter than f, the analytical focal length from Eq. ͑2͒, because the lens' small dimensions limit the distance over which one can focus. 8, 17 Because of the elongated focal spot, however, this should not pose a problem if a detector were placed at 4 m distance from the lens structure. For this lens, the throughput ͑z-directed flux at the exit surface over z-directed flux over the width of the structure͒ is 58% and the efficiency ͑z-directed flux over the width of the photodiode over z-directed flux over the width of the structure͒ is 46%.
The presented design principles can be applied for light coming in under different angles, as shown in Fig. 3 . All three lenses ͑for 10°, 30°, and 40°, which are realistic illumination angles for off-axis pixels in a solid-state image sensor͒ are designed with the same film thickness/slit length and can therefore, in practice, be patterned in the same set of processing steps. For the smallest angle, 10°, Fig. 3͑a͒ shows that the required phase delay varies over less than 2. Therefore, we can reduce the metal spacing ͑to 20 nm͒ while keeping the same range of slit widths as in the structure in Fig. 2 . Less spacing results in less phase delay introduced, better Geometry of the lens made from gold film ͑yellow͒ with air slits ͑light blue͒ on silica substrate ͑dark blue͒. ͑b͒ The phase delay ͑up to an arbitrary constant͒ from Eq. ͑2͒ ͑blue line͒, mimicked by the array of slits ͑red dots͒ ͑slit sequence: 18, 2 ϫ 16, 2 ϫ 14, 3 ϫ 12, 3 ϫ 10, 100, 62, 46, 40, 34, 30, 28, 2 ϫ 26, 2 ϫ 24, and 5 ϫ 22 nm spaced 40 nm apart͒. 2D FDFD magnetic field ͑c͒ and magnetic field intensity pattern ͑d͒. The gray lines indicate the boundary between total-field and scattered-field region. In order to show the features of the focus clearly, the intensity pattern is shown saturated near and inside the slits. light in-coupling and less propagation loss. As a result, this lens has a higher throughput and efficiency ͑72% and 57%͒. The 30°and 40°designs require a full 2 ͑and more͒ phase delay ͓Figs. 3͑b͒ and 3͑c͔͒. They are designed with 40 nm metal spacing between slits. This results in throughputs/ efficiencies that are slightly lower: 60%/46% ͑30°͒ and 59%/ 46% ͑40°͒. When comparing the focusing patterns of these lenses ͓Figs. 3͑d͒-3͑f͔͒, we see that they differ in the nearfield, but are very similar in the far-field where it matters. Figure 3͑c͒ already indicates that tilting the wave front ͑the linear increase; prism action͒ dominates over the curvature introduced ͑focusing͒. It is instructive to look at a structure designed merely to tilt the wave front ͑i.e., a nanoscale patterned prism design͒. This also illustrates the effect of the aperture. Figure 4͑b͒ shows the analytical phase delay and the delay introduced by the individual slits. The phase fronts in Fig. 4͑c͒ are not curved like the ones in Fig. 2͑c͒ . The field intensity pattern in Fig. 4͑d͒ still shows a focus, which is wider than the focal spots of the lenses from Figs. 2 and 3. As a result, less light ends up on a photodetector centered underneath the prism ͑throughput/efficiency: 60%/41%͒ and, for lens/prism arrays, there is more crosstalk.
Our first-principles simulation results confirm that the simplifying assumptions we made capture the main physics of the structures, namely that the lenses indeed focus right beneath the structures. The focal lengths, as observed in the exact numerical simulations, are quantitatively different from the analytical focal length. Several effects contribute to such discrepancy, the small size of the lens aperture being the main effect. Furthermore, in addition to the designed phase modulation, the structure modulates the amplitude of the light as well. Transmission cross sections vary for slits of different widths; certain slits are on/off resonance, resulting in high/low transmission locally. Propagation losses inside the slits depend on slit width as well. As an example, the symmetric mode of the narrowest slit ͑10 nm wide with 40 nm gold spacing͒ experiences a 35% loss over the thickness of the film. The phase delay of the light on exiting the structure is not exactly equal to what is analytically predicted ͓Re͑␤͒d͔. A cavity effect, phase jumps upon entering and exiting the structure and interaction between nonidentical neighboring slits all influence the phase. These effects ͑that are not specifically designed for͒ have a much smaller influence on the efficiency of a structure than the main phase front design ͓from Eq. ͑2͔͒. They also indicate the fault tolerance of this approach and allow some more optimization.
The presented design principles are not limited to microlens design for solid-state image sensors. A wider range of optical and optoelectronic components could benefit from tailoring the phase front to redirect light. . 4 . ͑Color online͒ Nanoscale prism compensating for a 40°angle. ͑a͒ Geometry of the structure ͑same parameter space as Fig. 2͒ . ͑b͒ The required phase delay ͑blue line͒, mimicked by the array of slits ͑red dots͒ ͑slit sequence: 100, 48, 34, 28, 24, 20, 18, 16, 3 ϫ 14, 2 ϫ 12, 2 ϫ 10, 100, 50, 36, 28, 24, 20, 18, 2 ϫ 16, and 2 ϫ 14 nm͒. FDFD magnetic field ͑c͒ and magnetic field intensity pattern ͑d͒.
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